Summary.
A A variety of non-neuronal cells producing neurotransmitters or suspected neurotransmitters were named "paraneurons" by FUJITA (1976) and were theorized to originate from the neuroectoderm just as neurons do. Then are the pancreatic islet cells paraneurons ? They produce and contain peptide hormones such as glucagon in A cells, insulin in B cells and somatostatin in D cells (FUJITA, 1974; HoKFELT et al., 1975) . They also contain amines like serotonin and catecholamines which are also found in pancreatic islets (WooDs and PORTE, 1974) .
The occurrence of a large amount of r-aminobutyric acid (GABA) has been reported in the vertebrate as well as in the invertebrate central nervous system (CNS) (TALLAN, MOORE and STEIN, 1954; ZACHMANN, TOCCI and NYHAN, 1966; HABER, KURIYAMA and ROBERTS, 1970a; OKADA, 1971; OTSUKA, 1972; FAHN, 1976) . A good deal of evidence suggested that GABA is an inhibitory neurotransmitter in the CNS (OKADA, 1976) . Recently, we have demonstrated that GABA is present in the pancreatic islets in as high concentrations as in the CNS (OKADA et al., 1975; OKADA, TANIGUCHI and SHIMADA, 1976) . In this article, we discussed the occurrence and possible function of GABA in the pancreatic islets with particular reference to islet cells as paraneurons.
1.
GABA in various tissues including the CNS Albino adult male rats of the Wistar strain fed ad lib. were anesthetized with pentobarbitone sodium and various organs were quickly removed. Brain tissues of the rabbit, rat, guinea pig and baboon were also examined. Tissues were excised and selected areas were dissected out on ice in a cold room (4°C). They were then homogenized with ice-cold 0.5 M perchloric acid and 1 mM ethylendiamine tetraacetic acid. The supernatant after centrifugation was neutralized with KHCO3 and used in the determination of GABA. The method of GABA assay was based on the formation of NADPH using the GABase (GABA transaminase and succinic semialdehyde dehydrogenase) system (SCOTT and JAKOBY, 1959) . The detailed methodology has been published elsewhere (OKADA et al., 1971 (OKADA et al., , 1976 . Fluorescence was consistently linear with respect to GABA concentration in the range of 0.5-10 nmoles.
The substantia nigra, pallidum, hypothalamus and colliculus superior represent structures rich in GABA (Table 1) . On the contrary, organs other than the CNS Table  1 .
Regional distribution of GABA in rabbit, rat, guinea pig and baboon CNS. Values of rabbit, rat and guinea pig listed are the mean ±S.E.M. from 5 animals.
As values of baboon were obtained from 2 animals, S.E.M. is not shown.
Tissue was measured as wet weight.
Values for striatum in rat and guinea pig are those obtained from both caudatum and putamen; in the rabbit and baboon they represent only putamen.
( OKADA et al., 1977) such as the pancreas, liver, kidney, spleen, thyroid, testis, adrenal and parotid contained only a small amount of GABA (Table 2) . Since the discovery of GABA in CNS in 1950, studies on the occurrence, function and metabolism of GABA have been principally performed on the CNS (see ROBERTS, 1976) . Occurrence of a low concentration of GABA has also been reported in nonneuronal tissues (TALLAN et al., 1954; HABER et al., 1970a; ZACHMANN et al., 1966; SEILAR and WIECHMANN, 1969; WHELAN, SCRIBER and MOHYUDDIN, 1969; BRIEL et al., 1972; DRUMMOND and PHILLIPS, 1974) . However, the assay methods used in the earlier investigations were probably not sensitive enough to measure the exact amount of GABA in the non-neuronal tissues.
Hence, few of the previous authors have convincingly demonstrated the existence of GABA in the pancreatic islets.
2.
Microassay method for the determination of GABA and glutamate decarboxylase activity A sensitive fluorometrical method using GABase has recently been developed by us for the measurement of GABA content in tissues (OKADA, 1974; OKADA and SHIMADA, 1975; see Fig. 1 ). Less than 10 mole GABA is measurable by this method. Combining this assay method with the technique of enzymatic cycling for NADP-NADPH measurement (LOWRY and PASSONNEAU, 1972) increases the sensitivity to 10'15 mole (OKADA, 1974; OKADA and SHIMADA, 1975 ). This method also made possible the indirect determination of the activity of glutamate decarboxylase (GAD), enzyme for GABA synthesis, in samples such as the pancreatic islets. The amount of GABA determined by this method indicates the sum of the endogenous GABA in each sample plus the GABA produced from glutamate after incubation with GAD assay reagent. Thus, the real GAD activity is calculated by subtracting the content of the endogenous GABA from the total GABA of each sample measured after incubation.
3.
GABA in the pancreatic islets
The pancreas of rats was immersed in Freon-12 chilled to its freezing point (-150°C) in liquid nitrogen immediately after excision. The tissue block was cut with a microtome in a cryostat (-20°C) . Serial sections (15 to 20 ~cm) were freezedried overnight at -30°C in vacuo (10_3 mmHg). Dissection of pancreatic islets and acini was made with a fine knife under a stereomicroscope.
Tissues were weighed with a fish-pole quartz fiber balance (LowRY et al., 1972) . Islets of 40-60 ng and pieces of the exocrine pancreas of 40-200 ng were used for GABA determination.
Using our sensitive method, a high cocentration of GABA was detected in the normal rat pancreatic islet (Table 3) (OKADA et al., 1975 (OKADA et al., , 1976 . Our results showed that the concentratration of GABA was ten times higher in the pancreatic islets than in the exocrine pancreas.
In our experiments, GABA in the pancreatic islets corresponded in concentration to the dorsal Deiters' nucleus and the dentate nucleus of the cerebellum, both of which are characterized by having high concentrations of GABA in the mammalian CNS (OKADA, 1976; OKADA and SHIMADA, 1976) .
BRIEL and. his co-workers (1972), GYLFE and HELLMAN (1974) and GYLFE and SEHLIN (1976) , using a micromethod with radioactively labeled dansyl chloride and two dimensional thin layer chromatography, showed that the concentration of GABA is apparently higher (about 2-3 mmoles/kg islet dry weight) in the pancreatic islets of the obese-hyperglycemic mouse as compared with the rest of the pancreas. The values published by these authors are remarkably lower than ours. These discrepancies in values may simply be due to the differences in the sensitivity of the assay methods used or species differences.
GABA in the insulinoma
To determine which type of islet cell contains a high concentration of GABA, an insulinoma consisting mainly of B cells was subjected to GABA and GAD assay genase, Glut glutamate, G-6-P glucose-6-phosphate, G 6PDH glucose-6-phosphate dehydrogenase, 6-P-G 6-phosphogluconate, 6PGDH 6-phosphogluconate dehydrogenase, R-S-P ribose-5-phosphate. (OKADA et al., 1976) . This insulinoma was histologically a heavily vascularized adenoma. Tumor cells showing characteristics of B cells compressed the exocrine glands around the border of the tumor.
The tumor tissue together with surrounding tissues was frozen in liquid nitrogen immediately after removal at surgery and assayed for GABA content and GAD activity.
The freeze-dried tissue was dissected into five parts for the assay. GABA and GAD were determined by the microassay of GABA with enzymatic cycling of NADPH Table 4 . Concentration of GABA and GAD activity in the rat pancreas and in the human insulinoma.
Values are the mean ±S.E.M. Numbers in parentheses indicate the number of samples assayed (Measurement 1). The whole pancreas of the rat included the endocrine and exocrine glands (Measurements 2 to 6). The freeze-dried section of the human pancreas was dissected into five parts: a non-tumor region with histologically normal pancreatic structure; a tumor region (adenoma of B cells with abundant capillary vascularization) ; a border area between the tumor and non-tumor region; a small tumor region including tumor cells and blood vessels; and a small tumor region consisting mainly of tumor cells without blood vessels.
GABA and GAD in measurements 1 to 3 (100 to 200 tg samples in dry weight) were determined by the direct GABA and GAD assay method without enzymatic NADPH cycling, and in measurements 4 to 6 (50 to 100 ng samples) by the microassay for GABA with enzymatic NADPH cycling. All these determinations were made with freeze-dried tissue. The content of insulin was determined in wet tissue of the same region by acid-ethanol extraction and radioimmunological assay
The insulin content of the tumor region was considerably higher than that of the non-tumor region, when measured on a wet weight basis (Table 4) . GABA concentration in the non-tumor region was similar to that of the rat pancreas.
In contrast, the GABA concentration in the tumor region was strikingly high as compared with that of the non-tumor region and was even higher than that of rat pancreatic islets. The border area between the tumor and non-tumor region produced an intermediate concentration value between the two regions. It is interesting to note that the area having mainly tumor cells showed a much higher concentration of GABA than that of the area with blood capillaries.
Thus, it seems probable that at least B cells contain high concentrations of GABA. However, the possibility that these high levels of GABA might be associated with oncogenous changes of the islet cell cannot be ruled out.
Growing cells contain a high putrescine level (RAINA and JANNE, 1975) , so that it is possible that insulinomas also contain a high level of putrescine.
Comparison of this suggestion with the report of SELLER and AL-THERIB (1974) on the synthesis of GABA from putrescine (see Section 6) leads us to think that an increase in putrescine as seen in the i nsulinoma may also cause an increase in GABA.
5.
GABA in the streptozotocin treated pancreatic islets
Following the insulinoma tissue studies, streptozotocin treated-pancreatic islets were examined. Male adult rats were fasted for 24 hrs with free access to water. Sixty-five mg of streptozotocin, a specific attacker of B cells (RERUP, 1970) , dissolved in 1 ml of 0.1 M citrate buffer per kg body weight was injected via tail vein under ether anesthesia. In the control group, only the equivalent volume of the buffer was administered.
At seven and 24 hrs after the intravenous administration of streptozotocin, GABA in the pancreatic islets remarkably decreased to about one-tenth of the original measurement, whereas GABA in the exocrine pancreas remained unaffected. Hi.stological examination revealed that the B cells underwent marked degeneration as early as 7 hrs after treatment. Twenty-four hrs after the injection no distinct cellular structure was recognized (TANIGUcHI et al., 1977) .
However, it must be mentioned that in the CNS, GABA is located mainly in the nerve endings of the inhibitory neurons (OTSUKA, 1972; OKADA, 1976) . Since adrenergic and cholinergic nerve fibers were abundant in the pancreatic islets (WooDs and PORTE, 1974) , the possibility that, in the pancreatic islet, GABA is located in the nerve terminals cannot be ruled out. But the nerve terminals adjacent to the B cells appeared to be intact even at the 24th hour after the streptozotocin administration (SEGucHI et al., 1977) . Results of the experiment on the rat pancreas using streptozotocin thus provided further support for the idea that GABA is located in the B cells.
GAD activity in the pancreatic islets
In the nervous system, GABA is synthesized mainly through decarboxylation of glutamate.
This process is catalyzed by GAD. GABA enters the TCA cycle as succinate : GABA transaminase and succinic semialdehyde dehydrogenase are the catalysts to this cycle (BAXTER, 1970 (BAXTER, , 1976 . Recently SEILER and AL-THERIB (1974) found another pathway of GABA synthesis.
They demonstrated that GABA can be synthesized from putrescine.
Part of the GABA found in the islets, therefore, could be derived through the pathway from putrescine. But the parallel distribution of GABA and GAD activity is generally accepted in CNS (FAHN, 19T) . Thus, it seems likely that the main factor determining GABA concentration is GAD in the pancreatic islets. The low concentration of GABA in the non-neuronal tissues may indicate that GAD activity is low in these tissues; DRUMMOND and associates (1974) in the mouse and HABER and co-workers (1970a) in the rabbit reported that the GAD activity in the non-neuronal tissues is lower than about one-thirtieth or one-fifteenth of that of the brain.
With regard to the GAD activity in the pancreatic tissues, DRUMMOnd and associates (1974) reported that it was negligible. However, using our sensitive assay method, it has been shown that the GAD activity of the whole pancreas was higher than that of other non-neuronal tissues (Table 4) (WHELAN et al., 1969; HABER et al,, 1970a) . The pancreatic islets showed 15 times higher GAD activity than that of the exocrine pancreas (Table 3 ). In the human insulinoma, the GAD activity in the tumor region was strikingly elevated compared with that in the non-tumor region. The GAD activity of the insulinomas as a whole was higher than that of rat pancreatic islets (Table 4) . Although GAD activity in the streptozotocin-treated rat pancreatic itlets was not determined, GABA was suggested to be synthesized within B cells in the islets.
It has been suggested that there were two kinds of GAD : GAD I and GAD II (ROBERTS and KURIYAMA, 1968; HABER, KURIYAMA and ROBERTS, 1970a, b; KURIYAMA, HABER and ROBERTS, 1970) . The former was present in the neuronal tissues, while the latter, in the non-neuronal elements such as the neuroglia, kidney, heart, liver and blood vessels (ZACHMANN et al., 1966; WHELAN et al., 1969; KURIYAMA et al., 1970) . GAD I activity was reported to be inhibited by anionic ions such as Cl-and carbonyltrapping agents like aminoxy acetic acid, whereas GAD II activity was enhanced by these agents. However, recent investigations challenge this suggestion. Reports by MILLER and MARTIN (1973) and MARTIN and MILLER (1976) disclaim the existence of GAD II. Moreover, we found that the high GAD activity of human insulinoma was inhibited by C1~ as GAD in CNS (OKADA et al., in prep.) . In addition, WU and associates (Wu and ROBERTS, 1973; WU et al., 1974; Wu, 1976) showed that GAD of nonneuronal cells did not crossreact with the antibody against GAD obtained from the neuronal cells, and that the GAD activity in the brain was not influenced by triton whereas that in the kidney was suppressed. Thus, further studies are necessary for the characterization of GAD present in the pancreas.
7.
Role of GABA in the pancreatic islets
The functional role of GABA in the pancreatic islets has not yet been elucidated. However, GABA may have a function in controlling the synthesis and release of insulin and other islet hormones, and in suppling energy through the GABA shunt.
Our recent in vitro studies showing that extracellular GABA did not influence glucose-and amino acid-induced insulin secretion from rat islets (KOBAYASHI et al.., 1977) leads us to hypothesize that exogenous GABA does not have a role in the synthesis and release of insulin. However, in the CNS, modification of hormone secretion by GABA has been reported; prolactin release from the adenohypophysis is suppressed by intravenous administratoin of hypothalamic GABA (ScHALLY et al., 1977) , while intraventricular injection of GABA enhances the prolactin and lutei niz-ing hormone release (ONDO, 1974; PAss and ONDO, 1977) . In rat brain slices, it has been chemically and histologically demonstrated that 3H-GABA taken up in large amounts was localized in the nerve terminals and glial cells (HOKFELT and LJUNGDAHL, 1970; HATTORI et al., 1973; IVER5EN and KELLY, 1975) . The pancreatic islets have been shown to have a low but distinct uptake of 3H-GABA (OKADA et al., in prep.) . Thus, histological or autoradiographic studies of the pancreatic islets are desired to demonstrate the fine localization of 3H-GABA uptake and this is under progress in our laboratory.
Although it is likely that GABA in the pancreatic islets functions differently from that in the CNS, further speculation on the significance of GABA in the pancreatic islet is not warranted at present.
It could, however, be safely said that the existence of GABA in the pancreatic islets supports the view that the pancreatic islet cells belong to the paraneurons. 
